New images from Mars rover Curiosity display millimetric, elongate stick-like structures in the fluvio-lacustrine deposits of Vera Rubin Ridge, the depositional environment of which has been previously acknowledged as habitable. Morphology, size and topology of the structures are yet incompletely known and their biogenicity remains untested. Here we provide the first quantitative description of the Vera Rubin Ridge structures, showing that ichnofossils, i.e., the product of life-substrate interactions, are among their closest morphological analogues. Crystal growth and sedimentary cracking are plausible non-biological genetic processes for the structures, although crystals, desiccation and syneresis cracks do not typically present all the morphological and topological features of the Vera Rubin Ridge structures. Morphological analogy does not necessarily imply biogenicity but, given that none of the available observations falsifies the ichnofossil hypothesis, Vera Rubin Ridge and its sedimentary features are here recognized as a privileged target for astrobiological research.
Introduction
New observations at Vera Rubin Ridge by the Mars Space Laboratory Rover Curiosity show millimetric, elongate structures preserved in sedimentary rocks deposited in fluvio-lacustrine environments within Gale Crater. On Earth, such settings are inhabited by an enormous diversity of macro-and microorganisms producing traces of life-substrate interactions [1, 2] that are similar to the structures of Vera Rubin Ridge.
Ever since they were announced, the structures from Vera Rubin Ridge have been controversial. In a blog post, NASA scientists labelled the structures as enigmatic stick-like features, proposing an abiotic origin as erosion-resistant mineral veins [3] . By contrast, DiGregorio [4] suggested a potential biogenic nature as the fossilized products of life-substrate interactions (ichnofossils). This biogenic hypothesis was informally disputed in a set of blog posts including interviews of Earth and planetary scientists [5] [6] [7] . Despite of this debate, morphology, size and topology of the stick-like structures are yet incompletely known, and their potential biogenicity remains untested. To date, there is no peerreviewed paper discussing the abiotic hypothesis for the stick-like structures. In this paper we aim to fill these gaps by testing their biogenicity. Accordingly, the null hypothesis is that the observed features are abiotic in origin; the alternative hypothesis is that their origin is biological.
All the structures that we describe here come from the rock target Haroldswick, which is located on the northern foothill of Aeolis Mons (Mt. Sharp) at Vera Rubin Ridge, within Gale Crater. Vera Rubin Ridge is an elevated crest, 250 m wide, on Aeolis Mons [8, 9] . It is characterized by a hematite signature in spectra, for which reason it is also known as Hematite Ridge [9, 10] . The Vera Rubin Ridge consists of Murray formation deposits that experienced enhanced cementation resulting in its preservation as a ridge [11] . Understanding the origin of the ridge has been a key objective for the Mars Science Laboratory mission since before landing [12] . Vera Rubin Ridge has been recognized as an iron-bearing environment appropriate for biosignature preservation [13] .
The stick-like structures have been imaged by the Mars Science Laboratory rover Curiosity during Martian days (Sols) 1905, 1921 and 1923 . Their host rock pertains to the fluvio-lacustrine Murray Formation, which is evidence of the presence of ancient lakes in the Gale crater and indicates the existence of habitable environments between ~3.8 billion and 3.1 billion years ago [14] [15] [16] [17] [18] (for a geological overview, see also [16, 17, 19, 20] ).
Materials and Methods
Source images have been acquired by rover Curiosity using (1) Figures A1-A3 and Tables A1-A3 . Size of the structures have been derived from source images using the MAHLI equations [21] .
Results
11 stick-like structures are preserved as erosion-enhanced reliefs within a siltstone outcrop ( Figure 1 : specimens s1 to s11). They consist of horizontal, straight segments that are frequently connected by curved turns (Figure 2a ). Structures are unlined. Contact with the host rock is sharp, but there are no manifest grain-size differences between the stick-like structures and the host rock. Our investigations using image analysis and MAHLI equations [21] show an average width of 0.7 mm. The ends of few structures (s1, s11) appear tapered but it is unclear whether tapering results from primary (i.e., structure-producing) or secondary (e.g., weathering, fragmentation) processes; as such, ends of these structures have been excluded from image analysis. Accordingly, each structure retains a constant width along its length (average per-specimen variation in width: 0.1 mm). Widths tend to be constant also between structures (width range: 0.5-0.9 mm). Results of image analysis show an average length of 4 mm, but this value underestimates the original length because stick-like structures show clear evidence of fragmentation (Figure 2a ). Some of the structures intersect (specimens s4-s5; s8-s9; s10-s11; Figure 2a -c) or coalesce without intersecting (structures s1-s5; Figure 2a ). Average intersection angle is 63.1°. See appendix A for additional information about morphometric analysis (Figures A1-A3, Tables A1-A3 ). 
Discussion
In order to test the null hypothesis (abiotic origin), the stick-like structures are compared with similar non-biological structures found on Earth and known to occur on Mars, according to their (a) morphology, (b) size, (c) geological context and (d) topological interrelationships.
The morphological features of the stick-like structures are shared with crack fills. Desiccation cracks are a common component of continental deposits on Earth (Figure 3a ), whereas they have been reported on Mars from the Murray Formation [14] and Meridiani Planum [22] . Martian desiccation cracks meet orthogonally, forming T-junctions [14] ; this compares favourably with the T-junction observed in a pair of stick-like structures (s8, s9; Figure 2b ). Subaqueous sedimentary cracks, also known as synaeresis cracks or intrastratal shrinkage cracks [23, 24] , have been documented on Mars in the Sheepbed mudstone [25] . Similarly to the Vera Rubin Ridge structures, subaqueous sedimentary cracks can form incomplete polygons consisting of curved (curlicue-like; Figure 3b ), at times branched elements; unlike the stick-like structures, they are usually spindle-shaped and can present tapered tips [23] (Figure 3b-d ). On Earth tapering is an important feature of ichnofossil-like structures because it argues against an ichnological origin [26] . Most of the Vera Rubin Ridge structures are not tapered; the only exception is represented by specimens s1 and s11, but it is unclear whether their narrow tips resulted from primary (i.e., structure-producing) or secondary (e.g., weathering, fragmentation) processes.
The commonly steep flanks of the stick-like structures (Figure 2a -c) are consistent with crack fills (Figure 3b-d ). Because of morphological similarities and geological context, sedimentary cracks are a plausible analogue for the stick-like structures. On Earth, formation of cracks is commonly mediated by microbial mats, whereas on Mars cracks are associated to structures resembling microbialites [27] . It should be however noted that abiotic processes can explain the production of cracks [23, 24] .
Non-sedimentary cracking is an additional candidate process to explain the stick-like structures because of the abundant fractures observed on Mars, where sulfate-mineralized fractures attributed to hydraulic fracturing are found in the Murray [14] and Yellowknife Bay formations [16] . The immediate surroundings of the stick-like structures show abundant non-sedimentary cracks, but their size, lack of fill and orientation are markedly different with respect to the stick-like structures. Filled fractures can also be rejected because of their typical tabular shape, whereas stick-like structures are roughly prismatic. Tension gashes are also excluded because they have tapered ends and because they tend to form conjugate sets. The stick-like structures might be explained as single mineral crystals because of their elongate shape, the commonly polygonal cross-section and the flat faces meeting at ~90°. These features are shared, for instance, with gypsum crystals grown in sabkha environments on Earth (Figure 4a ,b; see also Figures 9a and 11a in [28] ). Cross-cutting between s4 and s5 reminds of penetration twinning, i.e., the process by which minerals intergrow and result in interpenetrating individuals [29] . Curved morphology of the stick-like structures does not disprove the null (abiotic) hypothesis since curved, needle-like gypsum crystals of comparable size have been reported from terrestrial evaporitic settings [30, 31] . Sulfate minerals, including gypsum, have been documented on the Martian surface with data from satellites, landers, and rovers [32] . Among other processes, curvature of millimetresized gypsum crystals can result from impurity incorporation followed by crack formation and mechanical twinning [33] . Nevertheless, euhedral monocrystals and their pseudomorphs are not perfect analogues of the stick-like structures. In fact, the tips of most stick-like structures do not show the smooth flat faces and the sharp crystal-like outlines that typify euhedral monocrystals [29] and their pseudomorphs (Figure 4c,d ). It should be noted that tips of specimens s4-s6 are smooth and flat, but they could reflect secondary (i.e., fragmentation) processes. In addition, cleavage is not detectable. For instance, there is no evidence of the easy [010] perfect cleavage that is typical of gypsum and anhydrite [29] (Figure 4a ).
Tectographs, i.e., pseudofossils produced by the movement of rock layers relative to each other [34] , can be rejected as an explanation for the Vera Rubin Ridge structures because the stick-like features are not parallel between each other. Al Hikman, Sultanate of Oman. Larger crystals are 12 cm long. Image from [35] . (b) Nest of fibrous gypsum crystals 10-20 cm below the sabkha surface. Gypsum crystals show an elongate shape (El). Sabkha of Barr Al Hikman, Sultanate of Oman. Image from [35] . (c) Computed tomography scan (CTscan) of crystal pseudomorphs. Crystals show a polygonal cross-section (Po). Large arrows show pointed spurs close to some vertices, which are a typical feature of aragonite contact twins. 3.48 Gaold Dresser Formation (Pilbara Craton, Australia). Image from [36] . (d) Glendonite moulds from the shallow marine Rurikfjellet Formation [37] showing sharp contact with the host rock (Sh). Early Cretaceous of Svalbard.
Although the null hypothesis (abiotic origin) cannot be readily disproved, it should be noted that the morphology of the stick-like structures resembles that of horizontal burrows such as Helminthoidichnites (Figure 5a) and Planolites, which are common components of fluvio-lacustrine settings on Earth [38] [39] [40] . Constant width is a typical feature of burrows on Earth (Figure 5a -d) since tracemakers tend to minimize energy expenditure, producing burrows as wide as their width [41] . Stick-like structures are within the size and shape range of ichnofossils on Earth (see Figure 5 ). Most specimens from Vera Rubin Ridge present polygonal cross-sections, as suggested by fragmented specimens and the prevailingly flat upper surfaces (Figure 2a -c). Polygonal cross-section is apparently non-adaptive for burrowing behaviour, but there are few examples of ichnofossils on Earth with squarish sections, e.g., Arthrophycus [42] , (Figure 5e ,f) Bulbichnnus [43] and Oblongichnus. Subcylindrical specimens with roughly elliptical cross-section are also found (e.g., s2), although they are rarer than polygonal ones. Most stick-like structures do not geometrically interact with each other, but some pairs are coalescing and intersecting. A prominent example consists of a S-shaped structure (s5) that abruptly changes its curvature at short distance from another stick-like feature (s1), staying in close contact with it but without intersecting (Figure 2a ). This indicates that the development of stick-like structures can be influenced by existing (syngenetic) ones. On Earth, this is a typical outcome of taxes, i.e., the orientation and turning of an organism in response to a perceived external stimulus field [45] . Similarly to the ichnotaxa Helminthoidichnites (Figure 5a ), Helminthorhaphe and Nereites (=Helminthoida) irregularis (Figure 5d ), the S-shaped structure from Vera Rubin Ridge can be modelled by using a thigmotaxis rule, compelling an agent to stay close to an existing entity [46, 47] . Nevertheless, evaporitic minerals can grow very rapidly, hence we expect that a crystal can act as a physical constraint for the growth of successive, almost syngenetical, ones. This phenomenon could replicate thigmotaxis behaviour, posing significant problems in disproving the null (abiotic) hypothesis.
Soft-sediment deformation, fluid escaping and sedimentary cracking may account for the genesis of ichnofossil-like sedimentary structures [48] but such abiotic explanations of the observed thigmotaxis-like topological relationship are difficult to prove for those processes. Vertical fluid escape can produce tiny vertical tubes (pillars) slicing steeply through massive or laminated sand [49] . Alternatively, sand-filled fractures (sand dykes), commonly rooted in a structureless sand bed, can be formed by the introduction of material from above, either under pressure or by simple filling of pre-existing cracks or fissures. Sand dykes are straight to sinuous in vertical view; their sinuosity can be increased by post-depositional compaction, with the development of ptygmatic folds [50] . However, these processes are not known to produce the topological relationships observed in Martian specimens. Similarly, to our knowledge there are no examples of sedimentary cracks that change their curvature when encountering others.
The S-shaped structure is cross-cut by another stick-like feature (Figure 1: s4) , showing that the here studied structures can also intersect during their development. This feature is shared with ichnofossils ( Figure 5b ). Active displacement of sediment, including cross-cutting, is considered a strong indicator of an ichnological nature for terrestrial structures [26] . It should be however noted that cross-cutting is also shared with cracks and syngenetical crystal intergrowth. Our image analysis reveals an average intersection angle of 63.1° (intersection angle range: 39.8°-85.6°). Some of the Vera Rubin Ridge structures present angular terminations (e.g., s5), which is expected from breakage of an organism with a modular growth [26] . Similar size of different structures and sinuous orientation are also compatible with body fossils of flexible organisms, which however cannot be preserved as cross-cutting structures. Cross-cutting precludes the hypothesis of stick-like structures as body fossils. In addition, carbonized remains, which are a criterion for recognizing the body fossil origin of sedimentary structures [26] , are not documented from the Vera Rubin Ridge structures.
The stick-shaped features are unlined; contact with the host rock is sharp and well-defined, although there is apparently no difference in grain-size between the stick-like structures and the host rock. Sharp contacts, and the elevation of the stick-like structures relative to the host rock, suggest that the host rock weathered at a faster rate than the stick-like structures (differential weathering). Hence, the stick-like structures are likely to be more resistant than the host rock, possibly because of more intense cementation. Resistance to erosion is confirmed by the presence of an isolated fragment (Figure 1: s2 ) that experienced short-distance transport.
Stick-like structures from Vera Rubin Ridge are darker-toned than the altered host rock but show similar hues with respect to the unaltered substrate. Unlike the substrate, broken segments often display metallic hues (s5 in Figures 1 and 2a ). This does not preclude an ichnological origin of the stick-like structures because ichnofossils with metallic hues can result from early diagenetic processes, e.g., on Earth pyrite and barite-filled burrows have been documented from a variety of depositional settings, including postglacial lacustrine clays [51, 52] . The stick-like structures are found over an area of approximately 15 cm 2 . Such clustered distribution implies that the processes responsible for the development and/or preservation of the structures should have been active locally. This is compatible with biotic processes, e.g., on Earth stressed environments are characterized by low diversity assemblages [53] with uneven distribution of ichnofossils [54, 55] . However, this does not preclude an abiotic origin for the stick-like structures. For instance, in sedimentary rocks, crystals may grow in aggregates depending on the unevenly high concentration of dissolved ions.
The stick-like structures occur in a geological context that fits with evaporitic crystals and sedimentary cracks. The geological context also fits with the accepted criteria for the identification of ichnofossils on Earth [56] , i.e., they are syngenetic with the primary fabric of the host rock which is sedimentary and well understood in the regional geological context of Gale Crater; stick-like structures are cross cut by later stage fractures and are filled with material capable to survive to the diagenetic history of the rocks. In addition, stick-like structures are related to an ancient habitable environment [14] [15] [16] [17] [18] . Bulbous structures (e.g., structure b in Figure 1 ) are embedded in the host rock of the stick-like structures. They are here interpreted as concretions, intended as confined bodies of clastic sediment lithified by authigenic minerals [57] . On Earth, formation of concretions is commonly mediated by biogenic processes such as microbial activity and the presence of organic matterincluding mucus on burrow walls [58] -but fully abiotic processes can also explain the origin of some concretions [59] . Nevertheless, to our knowledge there are no examples of abiotic concretions sharing the main morphological features of the stick-like structures, which are roughly polygonal shape, with constant width and curved orientation. On Earth, curved burrows represent the main physicochemical setting for the development of curved concretions [58] . There are no conclusive evidences showing a common origin of the concretions from Haroldswick and the stick-like structures. In fact, concretions share a similar texture, size and colour with the stick-like structures, but they lack the metallic hues that are sometimes observed in stick-like structures. In addition, they differ from the stick-like structures in having a predominantly elliptical cross section with a larger size (major axis is typically ~1.5 mm). Other post-depositional structures within the Murray Formation include enhanced relief features, dark raised-ridges and veins [60] . Among these, enhanced relief features share several features with the stick-like structures of Haroldswick, i.e., they are embedded in the host rock, show topographic relief above the surface, they are not clearly related to fracture patterns, they are darker than the altered host rock [60] . Unlike the stick-like structures, enhanced relief features tend to be dendritic, their width is not constant and, most important of all, the contacts with the host rock show no evidence of distinct boundaries.
The hypothesis-testing approach we applied finds a strong parallel in the protocol proposed by Brasier and Wacey [61, 62] for demonstrating biogenicity of candidate body fossils and stromatolites. Following this approach, candidate fossil structures should not be accepted as of biological origin until all plausible explanations of their non-biological origin have been tested and falsified, that is, until the null hypothesis of an abiogenic origin is rejected. Our results show that none of the plausible non-biological explanations of the stick-like structures is fully satisfactory. It may be therefore tempting to claim the biogenicity of the stick-like structures, also because none of the available observations falsifies an eventual ichnofossil origin of them.
Nevertheless, our results do not allow to claim the biogenicity of the stick-like structures. In fact, available evidence cannot disprove the null hypothesis, that is, the abiotic nature of the stick-like structures. Carl Sagan's tenet ("Extraordinary claims require extraordinary evidence"; [63] ) does not only suggest caution when interpreting extraterrestrial ichnofossil-like structures, but it also encourages the search for extraordinary evidence (e.g., regularly meandering ichnofossils) on Mars.
In sum, our observations do not necessarily imply that the stick-like structures are biogenic but, given that none of the available observations at Vera Rubin Ridge falsifies their ichnofossil origin, the stick-like structures are here identified as a privileged target for astrobiological research. As such, the stick-like structures from Vera Rubin Ridge follow the recommendation of NASA's Mars 2020 Science Definition Team [64] in that they might have a biological origin and thus compel researchers to gather more data before reaching a conclusion as to the presence or absence of past life (see also [65] ).
Our results also highlight the urgent need of establishing a robust set of quantitative criteria for demonstrating the biogenicity of ichnofossil-like structures, microscopic and macroscopic. In other words, there is the need of defining the morphospace of ichnofossils and abiogenic ichnofossil-like structures. This will allow to reject the null hypothesis of an abiogenic origin for candidate ichnofossils via morphospace analysis. This clearly parallels the cell morphospace approach [61] .
The establishment of biogenicity criteria would benefit not only the search for extraterrestrial life, but also the search for Precambrian life on Earth. In fact, the Precambrian geological record comprises several problematic structures that have been rejected as trace fossils and reinterpreted as either abiogenic structures or body fossils in some cases [26, 66] . Ichnofossil-like pseudofossils have also been recognized in more recent deposits [67] . A metazoan-like bodyplan is not essential for producing macroscopic traces, as evidenced by microbial-related structures in Ordovician lowoxygen environments [68] . Microorganisms can even produce macroscopic trails or burrows, as evidenced by 2.1 Ga ichnofossils attributed to multicellular or syncytial organism able to migrate laterally and vertically [69] . These non-metazoan macroscopic ichnofossils encourage research of extraterrestrial analogues, i.e., ichnofossils produced by the aggregation of amoeboid cells into a motile slug-like phase, similar to that of terrestrial slime molds.
In addition, five properties of ichnofossils highlight the astrobiological potential of these biogenic structures and therefore encourage the establishment of biogenicity criteria for ichnofossillike structures [70] . First, they preserve the activity of soft-bodied (e.g., [71] ) or poorly mineralized (e.g., [72] ) organisms, together with skeletonized forms. Second, they are resilient to processes that obliterate other biosignatures, as evidenced by trace fossils preserved in metamorphosed and highly tectonized rocks [73] [74] [75] . Because of their preservation potential and abundance, ichnofossils are among the most abundant evidence of microscopic and macroscopic past life, as exemplified by 3.7 billion-years-old stromatolites [76] , 2.1 billion-years-old burrows [69] , and ca. 551 million-years-old trackways [77] . Third, they are very visible biosignatures, either because they tend to be enhanced by diagenesis [78] or by the effects of tracemaking itself [79] . Fourth, the morphology of ichnofossils often reflect environmental conditions at the time of deposition [80] . Fifth, ichnofossils are not only direct evidence of biological behaviour [81, 82] , but their morphology is commonly independent from the morphology, size and biochemistry of the tracemaker. Since that extraterrestrial life may differ significantly from the one on Earth in morphology, size and biochemistry, ichnofossils are biosignatures that are ideally suited for detecting any type of life [70] . These properties show the astrobiological potential of ichnofossils, hence establishing biogenicity criteria would be of fundamental help for the search of extraterrestrial life and of early life on Earth.
Conclusions
The new observational and morphometric data reported here have far-reaching implications for the search of extraterrestrial life. Our morphometric and topologic data are unique to the stick-like structures among Martian geological features and show that ichnofossils are among the closest morphological analogues of these unique features.
In fact, the stick-like structures show morphological (elongate shape; presence of curves; constant width; clustered distribution) and topological (cross-cutting, coalescing relationships) features that are commonly observed in ichnofossils (Table 1) . Geological context and size are also compatible with ichnofossils. By contrast, steep flanks and the somewhat polygonal cross-section are rarely observed in ichnofossils on Earth, with few exceptions (Arthrophycus, Oblongichnus, Bulbichnus). Following the interpretation of other extraterrestrial biogenic-like structures [65] , the absence of unequivocal evidence for life on Mars is the only evidence that favours an abiotic origin of the sticklike structures. Nevertheless, available data cannot fully disprove two major abiotic hypotheses, that are sedimentary cracking and evaporitic crystal growth as genetic processes for the structures. The polygonal section and the steep flanks support the crystal hypothesis, although the stick-like structures lack the smooth flat faces and the sharp crystal-like outlines that typify the tips of euhedral monocrystals. The T-junctions and incomplete polygons formed by the stick-like structures remind of filled sedimentary cracks, although shrinkage cracks, unlike the stick-like structures, are usually spindle-shaped and can present tapered tips (Table 1) . Accordingly, the available observations at Vera Rubin Ridge do not allow to claim the biogenicity of the stick-like structures, but they encourage the collection of further data, especially geochemical, about this kind of sedimentary structures on Mars.
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